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As a means towards determining the mechanism of
proton translocation i  bacteriorhodopsin (BR), 
we have been investigating the effects of chemical 
modification of specific amino acid residues on-the 
kinetics of the BR photocycle [l-S]. Some of the 
modifications tudied include tyrosines modified by 
iodination [ 1,2], tryptophans by reaction with 
N;bromosuccinimide (NBS) 133, lvxines by 
reaction with dimethyl adipimidate (DMA) [4] and 
ethyl acetimidate @A) {5], arginines by treatment 
with 2,3_butanedione {BD) and phenyl~yox~ (PG) 
161, and carboxyls with I- ethyl3- (4 azonia- 4,4- 
d~e~ylpen~l) carbodiimide iodide (EAC) f6 f. 
Suspension of normal purple membrane of Halo- 
bacterium halobium in D20 in the light results in the 
rapid exchange of 40% of the protons in the BR 
molecule, in particular the proton attached to the 
Schiff-base nitrogen ]7]. The effect of this deuterium 
exchange on the rise and decay of the Md12 photo- 
cycle intermediate has been reported [8-lo]. 
Here, studies of isotope effects on chemically 
modified BR are presented and from the tem~rature 
dependence of the rate constants the activation 
parameters for the rise and decay of the Ma12 inter- 
mediate have been evaluated in each case, The results 
show that chemical modifications do not substantially 
change the isotope ratios for the rise (3.4-S S) and 
decay (1.4-3 S) of M4r2 indicating that the basic 
mechanism for the formation and decay of M4r2 is 
unaltered by chemical modification. The activation 
parameters for the rise of Md12 are less affected by 
chemical modification than are those for the decay 
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process* which are changed markedly on modi~catio~ 
with BD, PGQ, Ia and EAC. These modifications 
must change the BR molecule in such a way that 
reprotonation of the Schiff-base requires considerable 
molecular eorganization. In addition, measurements 
of the M4r2 species in the photostationary state are 
qualitatively correlated with the decay rate of Mdr2” 
2. Materials and methods 
Purple membr~es were chemically modified 
using the methods in [l-6]. Fully deuterated BR 
purple membranes were a kind gift from Dr H. Crespi. 
Suspensions were made at 0.15-0.30 mg protein/ml 
in Hz0 or D20 after a minimum of 3 washes by cen- 
trifugation at 2 10 000 X g for 15 min at 5°C follow- 
ed by resuspension i  3 ml DzO or HzO. The fmal 
solutions were 100 mM in KC1 and were buffered to 
pH 7.5-8 .O with 5 mM phosphate buffer. For lipo- 
some experiments, BRwas reconstituted into partially 
purified azolectin at a 120 protein/lipid (w/w) ratio 
by sonication in a bath&% sonicator. MAX2 in the 
photostationa~ state was measured in an An&co 
DW-2 spectrophotometer by side actinic illumination 
through a Corning 3-67 low wavelength cut-off 
filter; the photomultipher was protected by a Baird 
Atomic 412 nm transmission i terference fitter, The 
formation and decay of Mar2 was measured using a 
flash photolysis apparatus; flashes were generated 
with a phase-R dye laser with rhodamine 575 (02 J/ 
ilash, 150 ns flash risetime). The rise and decay of 
M4r2 was collected with a Biomation 1010 transient 
recorder interfaced to a PDP 1 l/34 computer, using a 
monoc~omatic measuring beam. At each temper- 
ature, the rise and decay of Met2 was averaged from a 
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minimum of 10 flashes repeated at least twice. The tude. In both cases, isotope effects were still observed, 
data was analyzed via the computer assuming that the indicating that the basic mechanism remains imilar in 
rise kinetics were due to a single first-order process the modified samples. It should be noted that the 
to give a rate constant kl. The decay kinetics were decay kinetics of many of the samples cannot be 
often found to consist of more than one firstorder analyzed in terms of a simple monophasic first-order 
process; in such cases, acurve peeling technique was decay; at least wo first-order processes are present in 
used to analyze the data in terms of rate constants many cases. Possible xplanations for this observation 
k2 and k2. Activation parameters were obtained from include heterogeneity of the chemical modification 
plots of Ink versus l/T. or more than one pathway for M4r2 reprotonation. 
3. Results and discussion 
3 .l . Isotope ratios 
The half-lives for the rise and decay of the MaI2 
intermediate for suspensions of control and chemically 
modified samples in both Hz0 and DzO are shown in 
table 1. In essential greement with studies [8-lo] 
on unmodified BR, the rise and decay kinetics have 
isotope ratios of 4.8 and 2.1, respectively. Almost 
identical ratios are also found for fully deuterated 
BR (gift of H. Crespi) in DzO and HzO. Additionally, 
we have found that BR reconstituted into asolectin 
liposomes hows changed photocycle kinetics with a 
decreased rise and increased ecay time. However, the 
isotope effects remain similar to those of the purple 
membrane patches. The D?O effects on the photo- 
cycle are fully consistent with the hypothesis correlat- 
ing the rise and decay of M4r2 to the deprotonation 
and reprotonation of the Schiff-base which links the 
retinal chromophore to the BR molecule. As can be 
seen from table 1, the rise kinetics are only slightly 
varied with chemical modification, whereas the decay 
kinetics may change by up to two orders of magni- 
3.2. Activation parameters 
Temperature dependence studies of the rates of 
rise and decay of M4r2 enable one to calculate the 
activation parameters for these processes. Our studies 
were done over 5-50°C. The results in table 2 are the 
average of samples in both Hz0 and DzO since only 
small differences occur between them. Under the con- 
ditions of our experiment, breaks in the Arrhenius 
plots at -30°C were only observed in control, in NBS- 
and EA.modified and possibly in the DMA-modified 
samples. All the other samples showed linear plots 
over the whole temperature ange. The breaks which 
we observed for control samples were not as pro- 
nounced as those in [8,9], possibly because of differ- 
ent sample conditions (pH, buffer). These breaks have 
been interpreted [9,1 l] in terms of either a solid- 
liquid phase transition of lipids which, however, are 
not detected by differential scanning calorimetry 
[ 12,131 or by a change in conformational state of the 
protein. Those samples which do not show a break in 
the Arrhenius plot in our experiments are those which 
have the greatest effect on the photocycle or in which 
the lipid environment ischanged (liposome sample) 
and are consistent with either of the above hypotheses. 
Table 1 
Kinetic parameters and isotope ratios for rise and decay of M,,, 
Bacteriorhodopsin Risea Decay (slow phase) Decay (fast phase) 
sample 
t H l/2 tD kH/kD I L tH L/Z 112 tD 112 kH/kD 2 2 fH *,2 t’D I/Z k’QD 2 2 
Unmodified 0.069 0.33 4.8 3.65 7.70 2.1 
Unmodified (liposomes) 0.016 0.051 3.2 47.8 110 2.3 
EA &sine) 0.067 0.30 4.5 5.54 15.4 2.8 
NBS (tryptophan) 0.043 0.147 3.4 19.2 67.3 3.5 
DMA (lysine) 0.072 0.35 4.9 33.0 46.2 1.4 
EAC (wboxyl) 0.098 0.42 4.2 90 131 1.5 
I, (tyrosine) 0.026 0.11 4.2 420 1042 2.5 
BD (arginine) 0.112 0.62 5.5 384 1170 3.0 
PGO (arginine) 0.133 0.71 5.4 308 724 2.3 
_ - - 
_ - - 
3.5 9.2 2.7 
5.9 - - 
12.0 23.0 1.9 
64 118 1.9 
71 221 3.1 
53 145 2.7 
a Half-lives in ms; temp. 20°C 
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Table 2 
Activation parameters for rise and decay of M,,, 
Bacte~orhodop~n Risea Decay 
sample 
‘a SF AG:,p ‘a s” AG;,g 
Unmodified 17.7 3.0 16.8 18.3 -2.0 18.8 
Unmodified (liposomes) 12.8 -10.4 15.8 14.7 -18.9 20.1 
EA (lysine) 18.3 5.0 16.8 22.5 11.2 19.2 
NBS (tryptophan) 16.6 1.0 16.5 19.2 -2.0 19.5 
DMA (lysine) 15.5 -3.0 16.4 18.5 -5.2 19.9 
EAC (carboxyl) 15.8 -4.0 17.0 11.4 -31.7 20.6 
I, (tyrosine) 15.0 -5.6 16.6 10.5 -38.0 21.7 
BD (arginine) 16.9 -0.8 17.2 10.6 -38.0 21.7 
PGO (arginine) 15.0 -7.8 17.2 10.7 -37.0 21.5 
a Results are averages of samples in H,O and D,O. Ea and AC&,0 in kcalfmol, error + 1 kcalf 
mole, S’ in E.u/mol, error 1 5 E.u[mol 
The general results which emerge from the activa- modifications which lengthen the decay of Md12 most 
tion parameters are that in all cases the free energy of significantly, i.e., BD, PGO, IZ, EAC, also show the 
activation for the rise is several kcal/mol ess than greatest effect on the activation parameters. This is 
that for the decay. The parameters for the rise of most apparent in the change of the entropy of activa- 
Mg12 are less affected by chemical modification than tion from -0.2 E u/mol in control to -35 .O E u/mol 
those of the decay. The small differences observed for for those samples. This shows that these particular 
the rise of M412 are difficult to interpret physically modifications change the BR molecule in such a 
and it therefore appears that the chemical modifica- way that the reprotonation of the Schiff-base 
tions studied to date have only minor effects on the requires considerable molecular eorg~zation. 
deprotonation of the Schiff-base. The effects on the Spec~c~y, the 12 modi~cation iodinates tysosines 
decay of MeZ2, associated with the reprotonation of or&o to the hydroxyl group [14]. If the tyrosine resi- 
the Schiff-base, are much more sensitive to chemical due is directly involved in the reprotonation of the 
modification. It is particularly striking that those Schiff-base, the effect of this modification on the acti- 
Table 3 
Photostationary steady state of M,,, compared to decay kinetics of M,,, 
Bacteriorhodopsin 
samples 
Mole ratio iI,, (sample) 4121570 
of 4121570 ratio 
cf. control tl,, (control) D,O/H,O 
Unmodified 1.oa l.Ob 
Unrn~~ed (~po~rnes) 12.9 13.1 
EA (lysine) 2.5 2.5 
NBS (tryptophan) 9.2 5.3 
DMA (iysine) 9.6 9.0 
EAC (carboxyl) 10.4 24.6 
I, (tyrosine) 70.9 115 
BD (arginine) 26.0 10.5 
PGO (arginine) 34.0 84 
3.2c 2.ld 
2.5 
1.7 
2.4 
1.2 
3.9 
2.2 
1.6 
- 
2.8 
3.5 
1.4 
1.5 
3.0 
2.3 
2.5 
a Obtained from absorbance measured at 570 nm where es,,, = 63 000 M-’ . cm-’ [ 151 
and at 412 nm where Ac4,* = 32 800 M“ . cm-’ [ 161, values given are for H,O solu- 
tions 
b From slow phase decay data in table 1 
’ Ratio of 4121570 ratios calculated in D,O and H,O 
d Values obtained from table 1 
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vation parameters is understandable in terms of a 
change in the pK of the hydroxyl proton which 
lowers E, and an increase in steric effects leading to a 
decreased Sr . 
The BD and PC0 modifications both alter arginine 
residues which are believed to be involved either in 
the formation of salt bridges which maintain the 
conformation of BR or in the proton pathway through 
the BR molecule [6]. Modification of arginine could 
thus bring about either significant conformational 
changes or change the proton pathway, both of which 
could lead to the observed negative S7 for the repro- 
tonation step. However, other evidence [5] suggests 
that the conformation of BD-modified BR is little 
changed from control and hence the major effect 
may be on the proton pathway. 
EAC modifies carboxyl groups but is also believed 
to lead to intramolecular crosslinking between lysines 
and carboxyls. Such crosslinking could again result in 
significant structural changes in the BR molecule or 
in changes in the proton pathway. Since DMA, which 
is known to crosslink, does not affect the activation 
parameters as much as EAC, perhaps the change in the 
proton pathway is again the more important process. 
3.3. Md12 photostationary state 
The photostationary steady state concentration of 
Md12 is larger in D*O than in Hz0 for all the samples 
studied by a factor of 1.2-3.9 (see table 3). This 
observation is most simply explained in terms of an 
unbranched photocycle in which only the formation 
and decay of MaI2 are significantly isotope-dependent 
and if one also assumes that only a small fraction of 
BR is actually photocycling. Under these conditions, 
one would predict that the steady-state concentration 
of MJ12 under constant illumination should be 
directly proportional to the half-time of the decay 
process. As can be seen in table 3, the agreement of 
this prediction with the chemically modified samples 
is at least qualitatively correct. Additionally, the 
MaI2 steady state concentration ratio in DzO/H20 
should be proportional to the ratio of the decay half- 
lives in DzO and Hz0 (t&/t&). This agreement, as 
shown in table 3, is also &iitatively observed. 
A further extension of this hypothesis suggests 
that since the M412 concentration is predicted to be 
inversely proportional to the decay rate, that the 
M412 steady state concentration should decrease with 
increasing temperature and that an Arrhenius plot of 
the Md12 steady state absorbance against l/T should 
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give an activation energy similar to that obtained 
from the temperature dependence of k?. For unmodi- 
fied samples in both Hz0 and DzO, the MJ12 con- 
centration does indeed decrease with temperature and 
from the slopes of the Arrhenius plots activation 
energies of 16.5 f 1 and 17.0 + 1 kcal/mol are calcu- 
lated in the excellent agreement with the values of 
18.1 + 1.0 and 18.7 + 1.0 obtained from the k2 data. 
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